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Preface

The development and complete life cycle of large scale storms has long been

of interest to meteorologists. The use of an aircraft with PMS probes and other

cloud physics equipment has enabled us to look at both the visual and microphysical

development of a large scale storm.

In order to gather the necessary aircraft data, the aircrew made four flights

totalling approximately 21 hours in four days. Most of this time was spent in

weather which aircrews prefer to avoid. Thus I extend my deepest appreciation

for the efforts of the 4950th Test Wing and to the aircrew and maintenance per-

sonnel who participated on these missions.

The AFGL project crew, consisting of Capt (now Major) Donald Cameron,

MSgt James Bush, TSgt Marshall Wright, and SSgt Dennis LaGross, did an out-

standing job in maintaining and operating the project equipment and providing the

visual and microphysical data upon which this report is based. Guidance in locating

the optimum sampling areas was provided by Dr. Arnold A. Barnes, Jr., Mr.

Robert Myers, and Capt (now Major) Leandro Delgago of AFGL, and Mr. John

Powers of Systems and Applied Sciences Corp. using the AFGL Man-computer

Interactive Data Access System (McIDAS).

Special thanks go to Lt Col Donald Varley and Dr. Arnold A. Barnes, Jr. for

suggestions and assistance in the preparation of this report, to Mrs. Pat Sheehy

for typing the manuscript, to Ms. Barbara Main for preparing the illustrations, and

to Mr. James Lally of Digital Programming Services, Inc. for providing computer

printouts and plots.
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Development of a Large Scale Cloud System
23-27 March 1978

1I. INTRODUICTION

D~uring M~a rch 197 8, the M\C- 1 30L. of the 4950th Test% Wing with AFGl- Cloud

1hv ,ic.s inst 'urnen1tation gathe red datai on several storm sYstems in the eaistern aind

rutt r~1 Lnited States ais a part of the AFGL La rge Scale Cloud SYstems (L-SCS) pro-

p-ct. The ISCS Paroje ct inve-stigated changes in the niic io(phvsics of cvclonic storem,;

as they developed and crossed the United Staltes. This irep() t will examine! daitz

obtained inl one Such Storem syvstem.

TheMU-30E Saple a tor s vsernfron 2 to26 iach. On each of nih

(,Lst uadantof he tor. Asinle u~nrin wa chsentoprovide a consistent

its life cYcle. In this case, the northeast quadrant Was chosen because of thle large

extent of clouds and p recipitation which peremitted long sampling paths in Uniform

st eatiform clouds. 'The clouds in this quadrant were thick, which permiutted pro-

ductive sampling passes att 400, 500, 700. and 8350 mb on each flight.

Areas of convective activity were gene rallY avoided, as were those frontal

surfaces which had strong wind gradients.

Rleceived for publication 30 April 9 s8)



In st r~unintat ion ott tire air-ciraft is adequately des r-ibed by \arley. Knollen-

ber-g 2.3,4fld otheirs. and so will riot be disc us sed in detail here. The standa rd

eonfigurtion of pr-obes w as used on this se ties of flights. IPMS 1-1) and 2-I)

pirobes wer-e locaited in the positions shown on I- IgUore I. lire ELW L H p robe (item 7

on 1',iguIre 1) is Li newV inSt r'unrent designe-d to me,,s are t lie total liquid water, content

of a sample of air.. Data from11 thle L\\ i L probe, %ke re takeni hut w ere( not used in

the p repai rat ion of this reupor-t since thtr I'A 1R H% was riot eons ide r-ed r-eliable w.hen

these fligtits were maide.

On 223 l\lEic the airic raft maide three data ii~sses in the 'I exas Paznhandle and

then flew four- data passes in nor-theaisternr COklahorua. On subsequent dayls, four

passes cieflown on each flight. Table I shows thre times of the flights on eaich

of the four dayVs.

A recent repor-t by \ a rley 5examined thle large scae cloud s' sztem of 1 to A

Mlarch 1978. His r-eport contains a survey of work done in this field.

MC-130E 40571 /AFGL

KEY

I DEW POINT HYGRMETER PROBE
I ~..A2 Pms ;-o AXIAL SCATTER PREI.2-30p)

114 11 -63 PAS 1-0 PRECIP. PROSE1300-45OOV)
-10 17 4 HYDROME TEOR FOIL SAMPLER

5 PUS I-D CLOUD) PROBE (20- 30000)
2,16 6 TOTAL AIR TEMERATUIRE PROSE

I EWER PROBE
a PMS 2-0 PRECIP PROSE(200-6400P1

3 3 / 9 PUS 2-D CLOUD PROSE IM.W0ia)

10J WCLOUD WATER PROBE
I I POP - S/E COMPTER II LMNE PRUTEII
I2FORMVAR HYDROMETEOR REPICATION

12 15 13 VISUAL I4YDOMOETEOR PROSEit 14 14I1N S 8 DOPPLER RADAR
IS AN/APQ'422 Ke a 5CM WEATHER RADAR

13 16 6mm NOSE CAMERA

I? PROSE LIGHT
lB TELEMETRY

F~igure 1. Cloud Physics Lquipment on AIC- 130L 4057 1

(Due to the large number of references cited above. they will riot be listed here.
See References. page 77.
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2. S 01IC SiTL VTlO.N

A~ - IoptlC III!1 l-i s Of till s av-t('1 ln A -:. hill ii' Ir j L I.. IltrIi. -t

Un 2i 711 1 1 G, fr i i wir . ,-po 10 1 i % hk. ,L I f. ini [ldO, 'I n uil, - -,( t tirr n

in Oklalhonia BYc 0000/. on 24 Ziit i i (till qpoxine ti tine of I light 1-, U0 h

first of thll four fligiits() tinllo 0% her b on-w 'Ili open Is .shokn in I igur - 2.

S outin-ilv r\inds it 2 0 Ih hrmniht i'A'ril- 4 ir v jt, tl - t 1 i' W)

tCO Lgh if Iv r %% ,- t T N-s i, i)pd (I t IlI, -, st ,-I I r it, -rIiil-. I i I - -( ; I.>it- I I

vective Icti% itv is-o(witcd Niti tint trl 'j tli- U - 1 n Ii

vecti% e I!CtivitI% A.n , i ilrit ihl ring1 I light 2-1 10. 1 it-an:- rn:- I-, - %-

hd novit- to lissou ri. 1, se in Iligne -; . I !. *-'.-nhI. ilt

bring ':iu, mois;t iir into tlie -iYstilm rtsil~tini Ili 1 I ' - :'k-. 1 f I I inIn -l 1 I "t

of the %% at r II frI-ont . Thei s .telljtc pihoto.- ill I ignn-( - - . .1 i- (.xIrd 2 li pi 1, tlt 'I

thIS CILondiness. I light 713-11 obt~tined (Lt mu tis clidr siilwdni ltl if tint Ililt.

Thci cloudiness %%as the result if thel wkA rn] Air' O%riIiflhlhIg tin tlt' oi fron!t huwe_

the Kentuckv-Te~nnessee bordue r.

The systenm continlued to dceperl and bY tile A ftelruinorn k1 25 M,, irch riI irelniNd

front connected the nra in low in Illinois to 'A seconda i-v okm it) (ic rgil. Ilguir 6

shows this as wkell as the nearilv verticail stCi-nt Lre Of th leupper ir1 1onsv )%% n,

This is typical of a deep occlusiton, as arie the extens.-ive a reas of clouldiness

seen in I- iga ire 7 . As the infrlired photo show s, miost of the higiler clouds we i'

ahead of the systeml. F-light 78-12 sampled clouds in the trailing edge of the

nmore intense activity. By this tinle much of the convective character of the

6. Chin, D. , and Hamnilton, Hl. D. (1979) Synoptic Analysis Case 2, 23 March 1978,
AFGL.-TH-79-0007, AL) A065555.



stornr n gonek. It r'~ttitlettl' b\ 1ttotrt (Xt(Ili%,(. stratiforill clojuds and' less

ittense but 1110tt IV Widt5SI) t I lttt(1i1) it; t io I .

\k hile thet o rig inal I Ut i conlitied to drift eastward, it was the seconda iw low

(forrtted in (*-rgtu onl 25 Ala rch) that dlominated the weather in the e-astern

U nited States onl 26 lar ch. As I iguo t- 1 shows, this low comrbinted with thf lie' rl.

Ve rticalc C Ili ' SYVSte i in ( )hio to crteate strtong soot herlv winds long the A\tla nti c

coast wkhich brought considercable mioistutre to eaistern I enns vlvonizi an f(-l e o rk.

Mlan,\ stations fronm \irginia to Newk ) \otk reported mtodltrate- rain lor ouch Of tltt

daY. [he satellite Photos inl F"igu re 9 show thle e'xtent Of the cloutd shield, Irhe

thickest clouds \%ere a ssoc iated with thle w :r ro front which exte-nd d frtorm t hc low

in Georgiai to L ong Island. Flight -78-13 :toccurred tin the( ntttetttrf porttionl of this

A rea. At 5, 000 ft ( 1. 5 kttt ) theta ircraft was Often in t'A i, bitt trot int CItudIS. j'I'

Cloud~ shield consisted rta inIk of widespread st t';ttifornt clouds, muttcht .s it taId

been th(, da3 before. Convective aictivitY wats 1limtit ed to an ;re;, in I a si, tn Nothi

Catrolina Lind over the ocean northeast of the secondar t o N, wetll tvf rom th 6

samrpling ai rc raft.

A sumrtta rv of the track of this sto rm aind the samrpling a eta s used onl the faa r

flights described in this report atppea r inl Figure 10. Pt ortionrs of the fronts w-hich

did not influence the flights have been onitted to avoid confursion.

During the four dayvs the W- 1:30 investigated it, the sYstem chatnged fromt a

small, fast nmoving watve with contside rable contvective aictivitv to ti deep Occlusion

which spread uniform stratocumtulus atnd ninbostrAtUS overcasts over the entire

eastern half of the United States. It brought widespread ratin, freezing rain, and
snow% to much of the northeastern United States. This teport will explore the ch;,nges

in clouds aind cloud structure during the period.
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Figureu 3. (;LSI;te I I it~ c'~t is f.2 AI
(a) visible At 2:300/A, (b) infrirctd it ;0/',
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Figure 5. GUioKS 1 LLIt Sa'tcllte Photographs for 24 March.
(a) visible ait 223OZ/, (b) infrared at 2200/.
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Figure 7. GOES East Satellite Photographs for 25 March.
(als visible at 2030Z, (b) infrared at 2000ZM
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Figurye . (OL( )E';ist Szitoll it( I 'hotug iipls forC 26 i\1 rch.
(a) visible at 1930/A, (b) ifr ed ait 1900Z,
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northeastern sector of the storm). The aircraft landed late in the afternoon of each

day thus providing data during the period of maximum solar heating. Thus the four

flights provide us with a profile of the storm from its development through its

dissipation. A flight was planned for 27 March but by that time the storm had

dissipated to such an extent that a flight would not have provideu a significant in-

crease in data. Table 1 provides information on the time and location of eachflight.

3.1 Flight 78-10

On 23 March, the storm system consisted of a small low center in Oklahoma.

The MC-130E departed from Kirtland AFB, Albuquerque, New Mexico. It first

flew passes at 400, 500, and 700 mb in northern Texas. These passes were

flown northwest of the center of the storm, since evidence from McIDAS showed

extensive and deep cloudiness in this quadrant of the storm and the opportunity to

sample two quadrants of the storm on the same day. In the northwest quadrant,

the activity was mostly of a convective nature and as a result liquid water content

varied drastically within each of the three passes. 2-D data showed an unusually

high number of large particles, especially at 500 millibars. After completing these

passes, the aircraft flew (at 23, 000 ft/7. 0 kin) to northeastern Oklahoma, where

four passes were flown, one each at 400, 500, 700, and 850 millibars. This area

was in the northeast quadrant of the developing storm.

During the trip from northwest Texas to northeastern Oklahoma, the aircraft

passed through some clouds but remained above most of the activity. Upon arriving

at the sampling area, however, the aircraft was in uniformly gray clouds from

23, 000 ft to 5000 ft (7. 0 to 1. 5 km). As a result, the liquid water recorded was

generally high at all levels. After completing these passes, the airplane landed

at Little Rock AFB3, Arkansas.

3.2 Flight 78-1 1

By 1800Z on 24 March, with the low pressure center in northern Arkansas and

a deepening open wave, the IU- 130E departed from Little Rock AFB at 1746Z and

proceeded to an area in eastern Iowa and northern Illinois about 200 nm north of

the center. The strong low pressure areas at the surface and 850-mb levels drew

considerable moisture into the system. The result was extensive cloudiness.

L'nroute to the sampling area, the aircraft, flying at 23, 000 ft (7.0 km), was above

a solid undercast which frequently reached the aircraft's altitude. Four passes

were completed, one each at 400, 500, 700, and 850 millibars. Except for a few

brief breaks, the ,ircraft was in cloudiness throughout this period. Liquid water

content values were ver v high. The Mission Director frequently reported large,

wet snowflakes. At 700 and 150 nib rain was often mixed with the snow. Conglomorate

22
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It ,os elntral Ohio) at 23, 000 f't (7. 0 kil). At this altitude, it wkas betwoen noi

ilitituLS LAVI-l (wAith top~s estirniatol ait 14, 000 ft/," .3 kin) ald a Cr-uLs laver (with

lias4-, s.tipiated :it 30, 000 ft/!.. 1 'Kinl), ' te liqJuid water -ontent obuservedl at 400

ld 5I00 nmb Was i~nrlvless th 1o 1hat oliseived during the previotis day, inlicatitL'

ntit while the systemi hal hecomne nione %kidespiioad, it a as not as intense. 1I honIe

was more mnoisture at 700 and 8.50 tiliani there was on 24 'March liut not as much

as had been observed on 2:3 Al arch. The tenmperature in the lower 10, 000 ft (3. 0 kin

changed little With nitit Ude. Since the lower 3 kiii te ie gener mli nun r 00 (', the-

at icrnift experienced considet-i ic icing both At 700 tb and (8150 nib. Alost of t he

precipitation observed at these h- i As e it her inin o r snow in ixed %kith ii-ain. In

general, precipitation intensitv was mtuch less than had been observed on earlier

flights. The aircraft returned to %% right - Patterson AF1-1, aol encountered the sameii

type of enroute weather as it hadl while flying to the sanmpling airea. The airplane

landed at Wright-Patterson AFB3 at 2 102Z.

3. Flth On 6 Mrch secondary cvclogenesis pushed the warm air ntliward along

the coast. The NIC-130E left Wright-Patterson AFB3 at 1444Z1 and flew above the

occlusion (which now ran from a low in Indiana through Ohio and south to a secondary

low in Georgia; see Figures 6 and 8) to eastern Pennsylvania where the warm front

from the secondary low was moving westward due to the circulation around the( com- -

plex low system. The result was a uniform mass of stratiform clouds. Liquid

water content was high throughout all of the sampling passes. D~uring both the flight

to the sampling area and the return, the airplane was at 23, 000 ft (7. 0 kin). This

put it above the lower clouds and most of the middle clouds. Cirrus clouds were

above the airplane, however, during most of the deployment and return, the aircraft

was not in visible clouds. The majority of the cloudiness was at 15, 000 ft (4. 6 kmn)

and below. There was little vertical development-but stratus and stratocumulus
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clouds -i overed ;ill of, n he i,151if united States northi of' [lorida. liases of' the IouIs

in the siinlpliiig areai were generLlly above the 8t,50)1111b llvcl, althiough lower0

'tratus clouds weore ohitised % hile the air rcaft Was at thec 8i0 -inh level. I he-

,\I(- 13ot: tetuin to \\ right-Pitte.-son AI B :i( landed the-re at 1 923/_ Thei

~,tornii s.\ stli %. ki h afte-r 0000/ oii 2-, Mi rcl iand no fu rthe~ flights v.4--

Iadc.

t. VISUAL 013SER% ATIONS OF THEI CLOUDS~

In addition to provitli ng icophivsical observations of this storm svstenu , the

infli 4ht m1eteorologist (Mission I i rector I provided a visual account of' the changes

in the c-loud structure as the s to rm progress ed. T he photog raphs used to illustrate

his section of the re port were takeni bV the Mission Di rector diuring the sam pling

f'light.

. I Upper Levels

Fi gn reis I I, 12, 1:3, and 14 ilistrate the changes in cloud appearance at

2:3, 000 ft k7 . 0 km ). All pictures were taken at that altitude, either while enroute

to the storm area or during the first data pass in the area. As Figure 11 shows,

there was considerable c!onvective activity on 23 March. By 24 M1iarch (Figure 12)

the number of convective cells was no longer, as great, but the undercast had a

wavelike appearance which strongly suggested convective cells completely embedded

in the clouds below. During the nextt two days, the clouds became more uniform

and convective activity became we-aker and less organized. As Figure 13 shows,

the structure had weakened, and by 26 March (Figure( 141 there was little structure

remaining. The amount of cloud at '23, 000 ft (7. 0 ki), however, had increased but

instead of the wavelike clouds shown in Figure 12 they were uniform gray in appear-

ance.
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Igur 13. Clds ro 23, 000 f Fiue14. Clouds; Fro , 23000 f

(7. 1 kin) on 25 March 1978. The (7. 1 ki) on 26 Mlarch 1978. Almost
svstemn was occluded and stratified no convective activity was found in
clouds prevailed this part of the systemn
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4.2 Lower Levels

Figures 15. 16, 17, and 18 shoh how the cloud structur, at luwf r h-v- ap-

peared. Figure 15 was taken at 10, 000 ft luring the third data pass )( 2:3 Mar, .

At this time, the aircraft was flying through small snow crystals which had fall-i)

from the cloud deck above. No pictures were taken at 5000 ft 1. 5 kn.) since 'et

aircraft was continuously in clouds. On 24 Ma rch, tihe air c r;ft was continuLoU.-15 M

clouds while sampling at 10, 000 and 5000 ft (3. 0 and 1. 5 kn). As I iure 16 sh,,v%-,

there was considerable rime icing at 10, 000 ft (3. 0 kni). Ili outside air tn:p.:-

ture was near 00(' and precipitation frequently changed florom snu% to rain. I'n

same conditions were reported during the aircraft's 5000-ft ( 1. 5 kin) sampling -S.

On 25 March, conditions at 10, 000 ft (3. 0 kni) were similar, but at 5000 ft 1. 5 ki,

there was much less cloudiness. As Figure 1- shows, tiet ground was visible fron,,

5000 ft (1. 5 kin). On 26 March, there was an increase in cloudiness and precipitti-

tion at 5000 ft (1. 5 kin), but as Figure 18 shows, the ground was still visible

th rough breaks in tile clouds. The system had more moisture, but most of the

,hltik ,al moisture was reflected in the increase of upper and middle level clouds. ,

5. I)-ATA PROFILES FOR EACII FLIGHT

5.1 23 March 1978

Figure 19 shows the altitude, temperature, liquid water content nI.Wt'), f , iu!!,

volume diameter (1)0), reflectivity (Z). number density (NT), and Form lactor

("F) as functions of time for the flight of 2:3 March 1978. The Form I actor is a
5

onethod of characterizing distributions. It is more fully described by % arlev' :an 1

in Section 6. 3 ofthis report. The heavy solid lines inFigure 19 indicate data passes.

During the first three passes, with the airplane ina convective area, all of these quan-

tities fluctuated quite rapidly. During the later passes taken in the northeast quad-

rant of the storm, LWC, DO, and Z all increased in magnitude; all reaching unusually

high levels. The number density, however, tended to decrease as the aircraft

descended. This we attribute to aggregation as the particles combined to form

larger particles. The contrast in the Form Factor was most dramatic. During the

first series of passes, it fluctuated rapidly from 0 to 1 while during the later passes

it was more consistent; generally showing values of 0. 20 to 0. 30. Further dis -

cussion of the variations in the Form Factor and liquid water content will be found

in Section 6 of this report.
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Figure 15. Clouds From 10. 000 ft Figure 16. Clouds From 10.000 ft
(3.0 kin) on 23 March 1978. Low level (3.0 kin) on 24 March 1978. No
clouds presented a uniform gray structure was visible at this level.
appearance Note the icing on the wiper

F'

Figure 17. Clouds From 5000 ft Figure 18. Clouds From 5000 ft
(1.5 kin) on 25 March 19718. The (1. 5 kin) on 26 March 1978. )uring
ground can be seen through low most of this pass the airplane was in
clouds rain. The ground could usually be

seen below lho fractocuniulus laver

270



Fill-a~tUO

-0-

-' 1 l

0 1 1_ 
_ _ l I

r ~

IE d

IL _,,._._L

3- .0 fl[ i', 1
o ' L -j II
10 100

61 so L !
6 f4

z 20"

TIME (Z)
Figure 19. Profiles of (a) Altitude and Temperature, (b) Liquid Water Content

(c) Medium Volume Diameter, (d) Reflectivitv. (e) D~ensity, and (f) Form
Factor With Time for the Flight of 23 March. Solid lines show when the air-
c'raft was in a data pass

5. 204 arch 1978

Figure 20 shows the attitude, temperature, LWVC, DO, Z, NT, and Fl. vs time

for, the 24 Marc'h flight. IAVC values of 10 -2 to 10 -1 /rn predominated. The

refloctivitv, howover, did show a sharp increase in the lower levels. The high LWC
vaus w," refleted in high DO values but low NT vales, thus a comparatively
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sm all num ber of larger partict' , wer e produ ing tlh 1i h iL ( \alu . l h, r

Factor showed a decrease at the lower altitudes. 'ii a' is a I+ , "i iso I i II,

variation of' F' with time during the pas0es at ower t1itudis ht it H0 a 1 ot iS pro -

nounced as it was dur1ing the fight of 2:1 *lairch.
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CFigure 20. Profiles ofO (a) Altitude and Temperature,

3 (b) Liquid \kater Content,

2 (c) IMedium Volume Diiameter,

o (d) lteflectivitv. (e) Density,
and (f) l o I"actor \Vith

oL L Time for the llight of
ie-d 24 March. Solid lines showwhen the aircraft was in a

410

E~ data pass
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53. 25 MIarch 19-78

Fw ure 21 shows the statue variaiblei s Fju5-O 19orS andI 20 for the flight of

25 March. Tihe storm %as weaker' at thn- illie, arnd it] gener-al the( iAkC('Aas lowe'r.

Both Z' andI NT v'alues wee uailler', t-tpeciallv at the ii gb'r levels. As," wa,-

tneitttnt'l in Set tion -. fte hni- t , 'Ini'11tI!,[liloiss I.%is sii: ,ll't' etI, th.

Tllttt Ow' 10e IeIs It M IIiIi i t Ir' lyI hlid , th .'-I! iii'!' iml bit. ' :,:,I,'

85 ti n tas Oasitt It n1ilt, i t lAer nil i% s r(1I e tI.. I I , Ih .. '~'' ' t tl i

)eignretot 22" show the1 vaibe ot h 6M t'I Iigti 'InI i. FA att

a oir Ia 'vfcted bo, b t he wame tentr- peratuL 1 r t 80t ;00 Mth '1. lb 8.70)a i

wasd a resul t of0 patlile Isz as opposed I 1 to the nu he i I -t is If li Ilt - esIt

DO,1 wer h11igh at throughut, the. flight. II"I tt Th hig LIC e ilyi i t'I e, e

idto ihvalues of re fle tvit., The infi Ix of wr in str' us I by I h iit

8r low11) , whc hkad forIImediI -t i eoa. led, to an Iras of larg iin 'lake an i , i

rindrps.he lo veso the Form Factora oe eesjn't a

vaiy of sioes, reutinge parialy fr the in2lu ofr wa rogt, I.(' It Ir ti o a I -A11!

tir aly fro agega bton. The wamunt of loues intre5etib an i, Ie ien it)

the precpaorocd by the torne aonh inreaostI. 'Flits m intrt isit the

fact that thhe man loritelf was ega eng. wes o aj~ %faksa
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Factor With Time for the Flight of 25 March. Solid
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6. DISCUSSION OF DATA

The previous section looked at the measurements obtained by each flight as a

separate though related unit. This Section will concern itself with an examination

of how various data changed at each of the four levels investigated.

6.1 Crystal Types Encountered

The Mission Director made in-flight observations of the predominating crystal

habit. His comments are included in the transcripts in Appendix A. These ob-

servations provided input to the real-time 1-D data reduction programs, which

provide LWC and Z values, and for post flight backup in case of the loss of 2-D

data. The snow stick, the 2-D display, and visual observations of hydrometeors

passing by and hitting the aircraft helped him determine the crystal habit.

The PMS 2-D system was operational on all data passes. Table 2 shows the pre-

dominant crystal types recorded by the 2-D system. At the 400-mb level, the

predominant crystal type was small snow, although at times bullet rosettes were

common. At 500 mb, large snow occurred when the system was more active. During

less active periods, small snow predominated. At the lower levels, rain, needles,

wet snow, and large snow occurred, as the temperature was generally near freezing.

The crystal types, as indicated in Table 2, were used to prepare 1-I) PMS
data for this report.

Table 2. Particle Types Encountered During Different Passes on the FliE!hs of
23 to 27 March 1978

Altitude 23 March 23 March 24 March 25 March 26 March
(Texas) (Oklahoma) (Iowa, (Ohio (Pennsylvania)

Illinois) Pennsylvania)

23, 000 ft Small Snow Small Snow Small Snow Small Snow Small Snow
Bullet Rosettes

18, 000 ft Large Snow Large Snow Large Snow Small Snow Large Snow
Small Snow Bullet Rosettes Small Snow

10, 000 ft Wet Snow Wet Snow Rain, Rain Wet Snow
Rain Wet Snow

Needles
Large Snow

5, 000 ft Rain Large Snow Large Snow Rain
Needles
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Figure 23 shows some typical 2-D shadowgraphs observed during each of the

nineteen data passes taken during these missions. In most cases data from both

the cloud probe and precip probe are included. Data from the precip probe are

indicated by the letter "P". The height of the vertical lines on these samples

represents a distance of 6400 gm. Data from the cloud probe are indicated by the

letter "C". On these samples, the vertical Lines represent 800 A.m. The samples

have been assembled to show the changes with height and time of the crystals and

droplets contained in the clouds.

Precipitation probe data from Pass I on 25 March are excluded due to the lack

)f larger crvstals during this pass. During Pass Ill on that same day. water lodged

in the precip probe obscured most of the precip probe data. Therefore precip probe

data from Passes I and Ill are excluded.

Additional "2-1) shadowgraphs are presented later in this report.

The snow stick , an provide detailed observations of snoA and ice crystals. A
I-cm square area marked on a black background with millimeter graduations is

mounted on an aluminum rod. ' his rod is passed through a hole in the aircraft skin

so that the exposod surfaceo is parallel to the airflow. The Mission Director ')b-

serves the particles froni the flight deck window at a distance of about 3 feet. Since

there are four gtraduated -;urfaces. a fresh surface may be obtained by rotating the

snow stick.

Postflight crvstal habit deterniinations using 2-D data were used for the flights

since they ptovido a ,t )iltiuous objective source. Snow stick observations augmented

the 2-1 lata. ither Mission I)irector c(,rrinients and data from the Johnson-Williams

instruniei t i r ',l t,) help dt-tec t supercooled water and the presence )f rain in

snow.

6.2 Particle Size IDistribI i.,ri

Marshall arid PalniOr observe that raindrop size distributions approximate an

,xponential criry'. Most observations of snowflake sizes also approximate an ex-

:onential , rxi o. "he distributions observed at various altitudes for the four flights

being considlred arte presented in Figure 24. Houze et al 8 have considered de-

partures from this txponential curve and describe an enhanced distribution as having

it increast. of sniall'r particles (30 to 500 pim) above an exponential curve, while
a suppressed distriiution has a decrease below thc curve. Houze's study disregarded

7. Marshall, J. S.. andl Palmer, W. Mck (1948) The distribution of raindrops with
size, J. Meteor. 15.165-166.

8. Ilouze. R. A., Hobbs, P. V. , Herzegh, P. H., and Parsons, ). B. (1978) Air-
borne measurements of the size distributions of precipitation particles in
frontal clouds, Preprints of Conf. on Cid. Physics and Atmos. Elect.
American Meteorological Society. Issaquch, WA, pp 168-172.
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i.'igure 24. IMstributions ofl Particle l)onsitv vs lParti(,'l Size (equivalent meltod
diame11ter) for- H.'ach Pass fDuring the Sampiing F'lights

data tCroln the, ASSP (below :10 n)), tprobably hecause the :.\SSP tends to count all

parti -.f-; and thus overestitnates the nuinber oft sinall particles whenever a large

number o)f particles above :10 pn) are present, F.igure 24 shows the particle

density vs diameter for each data pass observed during the four days. To insure

uniformity, equivalent melted diameter was used as a measure of particle size.

Although ASSP data are included in Figure 2,4, they should not be used when making

comparisons to Houze's work. As F.ig~ure 24 shows, the storm had suppressed dis-

tributions at the higfher levels. but had enhanced distributions at lower levels. Since

Figure 24 used melted diameter rather than the measure d diameter for particle

size, departures from the exponential curve are? most evident at a size range o)f

15 to 300 [.im. Furthermore, the type- of distribution varied more with altitude than

it did with time. At lower levels, the enhanced distributions probably were the re-

sult of an increase in the number- of large particles. The number of particles in
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1o )) rc I wI l a ttk. 11 r li, l lttle- nl w. A-l I arL I rt ie l k va n iti eWnit a

1nrW A stij11lr stoic. Tihs, the ic dLi-nv 0t*o. ' p rti ll's that appeare7 d

list rut-n ions arn- tt orderi . IFirst, ti Iit is witlotI a liitnt'el r.-ttiont o1 Oli SIz/I

(list rittOt ioni and has tisuialic tI.-ti applie-d to case-s of 'nod- rat' to t-avv% precipita-

tion rat- s whIr, IIIhi particles at fairl%, large , 'hat is,, in tef huindre-ds of rnir cnr

rangeY(. Second, tihe uipper limnit of the - ise-alle spectra alont 63 mm Cor rain anid

for' sHn) haveu 1t-n emlpirically dettermined tv - 'lank, Be-rt tel and B'arnes anil

Blertliel I )to he in%-ersu'lv r(ilt-d to the slope of the, exponential. Third, a peak

in The dlist rjhutl ion inl the( 0. 1 to 10 tim range is suispecte-d (llt. to the( rapid growth

of watc , 1 til ecul( e I'isti'rs helow Iis S qiz/ ragae, IFoulrth , in general, the- longe-r

ie( pertiodt of sanipling and the large I' the numbe r of part ic-s sampled, the closer

tit- !'it will to' to an ''xponett al ciirye,. 'This is dii' to the( small sampling %-oltimes

of the instrum ient s and ti'( se paration of sizI's hv natu ral processes.

63 Formi Factor

P lank 11los..crilies thie Form F-actor as a method of iharacteri zing variouIis '%p(..,

of particle 'list riluitiotts. The Form Factor is a meastire of the ttniformitv of dis-

ru-vit ion of diff*-tent si zed( particles. A F'orm Fact or of 1. 0 i the maxi mtum) i ndi -

catois 'hat all par'!idels it) a giveon dist rilortion fall in the sanme stzt' tangxe. This

wotili r(-pri'setit a mottodisputrs' dlist riliut ion. (ienerallv, the liroader Iii, spectrumn

of part iclf- size,, the lower the form factor will Fe. F'igiire 25 shows how the 1:0cm

Fa at or at 400 nih) chan'n'ld with timie. As tie( storm moved eastward, the cloud was

mnorei oftenr a resuilt of ov-er cutnin g, thus produrcintg a more homnogeneous cloud.

'liii top Fine of Yigure 24 shows that the ntrmher of larger par'ticles decreased ft'om

the 23rdi to thi' 25th as the storm rmved north and east. This led to a higher avor-

age Form Factor on the 24th and 2.5th as seen in Figure 2.5. This F-orm Factor at

500 mh FTigure- 26) te nds to he lower.

9. Plank, V.G. , Berthel, R. 0. , and B~arnes, A. A. (1980) An improved method
for, obtaining water content values of ice hydrometeors fronm aircraft and
radar data. J. Appl. Mleteorologv, 19:1293-1299.

10. FBerthel, R. 0. ( 1980) A Method to Predict the Parameters of a Full Spectral
Distribution From lInstrumiientally Truncated Data. ERP No. G89,
AFGL_-TR-8-000l, AD A080950.

F1I. Plank, V. G. (1977) Httdrorneteor Data and Analytical -Theoretical Investigations
Pertaining t) the SNIMS Rain rosio Prgam of the 1972-1973 Season at
Wallops Island, Vyiriia.A 1TL/ AN Report No. b, ERP No0. 603,

AFGL-TR-77-0149. AD A051193.
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Figure 25. F~orm Factor at 400 mhb for Fach ofi the F-our Days.
D~otted line shows data fronm the first pass on 23 Mlarch. Times
in parenthesis refer to that pass.

Thec predominance of larger particles (large s now as ppoa ed to the sm all asnow at

400 nib) and a flatter distribution leads to the lower Jorin Factors .At the lower

levels;, the Form Factor varies at a mto re rapid rate. Tlhas in this c ase, the part~-

liclea at 400 nib tendt-d to he more uniform in size t han thIose at lower levels. The

700 -m2b data ( Figure 27) ave quite irregular as the changing .onidi tions at that level

Sausedl a varie-ty of particle types. This level was Frequent lv near~ the freezinrg level.

The- 830-mrb data (Figure 28) shows a htighi degree of \ arciabiltitv. This acan he att rib -

uted lto the presence or, lack of clouds and/or precipitation at that level. PThe di ffe r -

'-nco hetween the third flight (dunring whticht the aircra ft wkas in almost coittirtouns
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cloud at 850 nib) and] the fourth (in which the aircraft was constantly going into and

out of clouds and precipitation) is most striking.

1.00 1.oc,

so--

b

C
231 030 23

250) 210 210 10

0 0

1 1 21_ j 0

1820 1830 1840 1850 1830 1640 1650 1700

TIME)f) TIMEMS

Fii-2ure 26. Formo Factor at 500 mh tor irh of the j>ouI'I)a

D~otted line shows (data fromto de ;econd pass oFt 2:3 March
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Figure 27. Form Factor at 700 mb for Each of the Four Days.
Dotted line shows data from the third pass ol 23 March

6.4 Liquid Water Content

As a general rule, liquid water content values (LW C) throughout these four

flights were higher than those found in the 1 to 3 March 1978 flights (see Varley 5.

At 400 nib, values of LWC of 10 - 1 g/m 3 were common, and as Figure 29 shows, a

value of I g/m 3 was recorded during the first flight. Highest values of LWC at

400 mb were recorded (luring the first two days while the storm was feeding on

warm, tropical air. Later, as the storm moved farther north, there was a de-

crease in tile liquid water content at this level. A similar though less emphatic

pattern emerged at 500 mb. as shown in Figure 30. Again, values as large as
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Figure 28. Form Factor at 850 nib for Each of the F.our DJays.
Dotted line shows data from the fourth pass on 23 March

I g/m 3 were reported on the first flight, with values as high as 10 - 1 gl 3 reported

on other flights. The increase in 500-mb [LWC on the final day may have h ,n due

to either a reintensi fi cation of vertical motion in the storm or the proximity of the

ocean. There was a similar increase in LWC at 400 mb, but it was much smaller

than the increase at 500 millibars. Generally, the 500-mb LWC seemed less

strongly affected by latitude and more strongly related to the strength of the storm

and the proximity of a large boty of water. The LWC at 700 mb seemed to follow

this latter trend to an even greater extent. As Figure 31 shows, at this level the

flight had high but irregular values of LWC. The next highest values were recorded
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Figure 29. Liquid Water Content at 400 mb for E-ach of the F-our Days.
D)otted line shows data from thle first pass on 23 March

1 3
n the final flight, where LWC values were generally greater than 10 g/m

Values this high were rare at this level on the second day and] almost nonexistant

n the third. The 850-mb LWC data, seen in Figure 32, shows the least variability,

in contrast to the Form Factor at the same level (see Figure 28). Both within the

F'lights and from flight to flight, the LWC values here are the most consistent.

Generally at this level the airplane was in rain or water-droplet clouds. Thus,
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6.5 Particle COnntit

'Fhe Particle Count (NT) is a limI)ited mleasur-e of' the numbterI of ice or- xator

particles per unit volumie.

NF is calculated 'romi data provi ded bv the ASSIJ, the 1-1) cloud prohe. and( the

1 -1I) prec ip probe that adjust Ior the overlap of their mteasurin )t TaflLes. I'artic les

larger than 6. 4 010) and smaller than 2 itt are excluded since thev are outside the
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range of the instruments. The range of measurements is the same for most of our

flights, including all of those described herein. Values of NT reported by different

investigators may vary due to the specific instrumentation used. As seen in Fig-

ure 24 and commonly observed on most of our flights, NT is dominated by the

number of small particles. Thus NT is very sensitive to the minimum size required

for a particle to be sensed.
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Byers 12 indicates that cumulus (convective) clouds will have a different particle size

distribution from stratus clouds. Generally, the convective clouds will have large par-

ticles and a less consistent distribution of particles vs size. As a rule, observations on

this flight showed that in convective clouds there were more particles at higher levels,

while particle counts at lower levels were influenced less by the type of cloud.

Figure 33 shows NT for particles in the 2- to 6400- pm size range vs time for the

passes at 400 millibars. The convective clouds on 23 March gave high but erratic values

.)fNT. By 24 March, there were considerably fewer particles at this level. On thelast

two days, particle counts were considerably lower, since not only was the storm mostly

stratiform, but there was less moisture at 23, 000 feet.

A. 21 March a. Poem I b. Pas IV B. 24 Ma.rch

100 100z z

0 0

C z

(2030) 24 (2040) 225 2 0) 300 2 1 6 140 1660 2000 2010

TIME(E) TIMEI)

C. 25 Mar h D. 26 ma
100 - 100

I's E

5 z

-

1800 1610 1620 1600 1610 1620 1630
TIMEMI TIME(E

Figure 33. Particle Density (number of particles per cubic meter) at
400 mb for Each of the Four [Days. D~otted line shows data from the
first pass on 23 March

T Byers, H. R. (1965) Elements of Cloud Physics, University of Chicago Press.
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A similar trend appears at 500 mb a.- seen in F~igure 3-1. As the systelm be-

canme more stratified, the values.- of NT' iecre ased, althuih unlike ini case at

400 tub the aircraft was in heavy clOUdiness aIt 4100 nh) ()n all tOur1 dayVs.
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(A' NT, skveral iiesi rehing 5 -10 'i 3 , avalue never ;ipproaiilo~ '1-IurIL! thf

passes at highor altitudles.
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Figure 35. Particle Density (number of particles per cubic meter) at
850 mb for Each of the Four Days. Dotted line shows data from the
fourth pass on 23 March

In general, NT values were smallest at 850 millibars. This can probably be

attributed to smaller particles combining into larger particles (aggregation) between

the 700-mb and 850-mb level. As Figure 36 shows, the particle distributions varied

more within a given pass than they did from pass to pass. This is an indicati-n of

the variability of aggregation.
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6.6 Oilier D~ata

Rotlpc t it' v (Z) in Ied ,(iun pa rtic'1 di anioter (D)0) can also be examined in this

3nner. :N\s a ruki che reflectivitv soemed to follow the liquid water content. As

-in he, seen in Figur(-s- 1) to 22. high values of Z. usually correspond to high values

I!, I. (. lDvor, lierthel, and Izumni 13have examined the relationship of Z to the

It. I)ver, R. M. , lierthel, It. 0. . and Izumi, Y. ( 198 1) Techniques for Measuring

Liquid Water Content Along a Trajectory. ERP No. 233,- FGL-TH-81-UU#2,
(in press).
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mass of a particle. Their work used data taken at Wallops Island, Virginia and

Kwajalein Atoll in the Marshall Islands.

The medium volume diameter tended to increase at lower altitudes. Itfollowed

similar patterns on all flights, with 700- and 850-mb values being higher than 400

and 500 millibars. This may be due to a reduced number of smaller drops result-

ing from either sublimation of these small drops or the coalescence of smaller drops

into bigger ones. This agrees with the observation that NT is smaller at lower

levels. Regardless of the type of cloud, there are fewer, but Larger particles at

the lower levels; another sign of aggregation.

7. OBSERVED TWO-MINUTE PARTICLE DISTRIBUTIONS

We can take a closer look at the LWC and particle size distributions by examin-

mg averages over 2-min periods. Two such periods have been selected for each

altitude and each flight and are presented here with corresponding PMS 2-1) data.

In addition to the PMS 2-D data and particle size distributions, the mean and

standard deviations of 30-sec averages of temperature, altitude, liquid water con-

tent (LWC), reflectivity (Z), medium volume diameter (DO), number density (NT),

and Form Factor (FF) are provided. The data for each 30-sec period are found in

Appendix B, therefore, only the mean and standard deviations of the four 30-sec

periods within each 2-min period are included here.

Periods were selected at times )f consistent LWC and are intended to repre-

sent periods of high particle concentration during the respective pass.

7.1 Samples From 23 March 1978

Eight 2-min samples were selected from the 23 March flight. Two samples

were selected from each of the four levels. Since there were two passes at 400,

500 and 700 mb, one sample was taken from each of the lirst six passes. The

850-mb samples ctame from the last pass.

Data from the two 400-mob samples are shown in Figure 37. Although separated

tby 2 hours and 400 miles, the profiles are quite similar. As ('an be seen Ireo the

2-1) shadowgraphs, small stto%• predominated during both samplinj periods. In both

cases the largest particles were between 2 and 3 mm ini diameter. The only sub-

stantial difference was in values ,if NT , whore the earlier sample had much higher

numbers of particles. Since I+VC ,.alues were similar, the re cvidentlv were more

small particles in this sanip! -, an the parti,'le distributions support this assump-

tion. In both cases, convective clouds predominated, but the convective activitv

was stronger (luring the second sampling period.

I)ata from the two 500-rob samples are shown in Iigure 38. At this level in

both cases, there were wore large particles and Ie i maxinium particle size was

greater than 5 millimeters. The IForm Factors were smaller, thus indicating a
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wider distribution of particle sizes. The LWC increased substantially over that ob-

served at 500 nib, as did the average particle size. As was true at 400 mb, the

values of NT show the greatest difference between the two passes. Again the standard

deviation among the four 30-sec averages was quite large; in the earlier sample, it

was one-third of the mean value. As was fr.V uenItlv O. ,sO ;h. I',ri:, lactor was

the most consistent variable.

Data from the 700-rob samples appear in Figure 39. Ibis level was , losetohe

freezing level, and as a result, wet snow predominated. I t se, ,wl pass In the more

uniform convective activity, yielded some of the highest \ alues )t the I C obs,rveO.I

on any MC - 130E flights over tile continental United States. 'I ,( total ntumhb(r ')f par-

titles also changed between the earlier and the later sampling period. IThe t.,r in-

tense convective activity produced both a greater number of particles and a larLer

liquid water content. Even the Form Factor showed a difference; the larger value

observed during tle first sampling period also had a large standard deviation. In

the first case, therefore, tile particle sizes and their distributions were (onsistent

both with time and at a given moment.

Comparing the two quadrants shows that convective activity prevailed through-

Jut the storm at this time. In both quadrants, the cloud cover was sporadic and (on-

ditions changed rapidly, both in time and space. The northeast quadrant, however,

was becoming the more intense. Cloud cover there was more extensive, and the

warni, moist flow from the Gulf of Mexico was causing the storm to intensify and

become better organized.

II the three preceding instances, the two sampling periods represented differ-

ent sampling passes. In the remaining cases, both sampling periods were extracted

from the same pass.

In the c'ase of the 850-mob data shown in Figure 40, both samples were taken from

Pass %II. which was part of tle series which contained the later samples at higher

levels. At this level, the temperature was well above the freezing point, and thus

almost all of the precipitation observed was in liquid form as can be seen by the pre-

dominance )fI round particles on the 2-1) shadowgraphs. Particle size and LWC have

decreased from the 700-nib values. The low numbers of particles, low LWC and

low Form Factor indicate that drops and droplets of a variety of sizes existed at this

level, but that heaviest concentration of water was near the freezing level.

The four levels sampled cn this first day provided a vertical cross section of

this voting, convective sVst em. Perhaps the most consistent variable was the Form

Factor. The range of values of the Form Factor on this flight was the smallest of

any of the flights in this series. Thus, while the particle size tvpe, density, and

LWC changed, the type of size distribution remained relatively consistent with alti-

Iude. As the syvstem became more stratified, this consistency diminished, and

F orm Factors at higher levels became larger, while those at lower levels varied

widely.
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Figure 39. Sample Data From 700 mb - 23 March 1978. The particle distributions

are averages for 2-min periods. The 2-D shadowgraphs were selected from the
2-I) data collected during the 2-min period
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Figure 40. Sample Data From 850 mb - 23 March 1978. The particle distributions
are averages for 2-min periods. The 2-D shadowgraphs were selected from the
2-D data collected during the 2-min period
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7.2 Samples From 24 March 1978

Two samples were taken fromi each of the four passes completed on 24 Ma .rch.

Each samiple was 2 niin in length. B3y this time, the storm sySteul Was a1 mata rl

open wave.

"Ehe samples taken ait 400 nib Lire slhottn in F ig ure 4 1. As a icd bet ni the e s oiu

2:3 la ruh, both show m1aximum1.11 particle sizes of approxiniatelb 2. 5 ni lirnute c-s.

Th itor %l11 "actors are quite high aind also) quite ctons istent; thiose- of thu fi rst s~liiple

ave raging 0. 60. This aind thu reClatively lo%% liquid watt r content illdic~tt ai pjro-

dominance of smal part iCI'S Of unliform size ai c an be, seen ill tiit plots a.' I lit

i ie dj i i i\%ol1ullliie d ianu iet l ',Uu s0 i i Sil ijIa i r t ot tho-)s e ob s ( rx%'ued a t 4 00 n h o l I ho i. t 015t .

day . In general, the change in cloud Strmucture ait 400 nib wasa sinll1r thain aIt fii

lower levels.

TIhe SaImpleS takun Lit 500 nib appua r in V>igu ru 42. Iht, 1itiinun palIticlo (

atnd lmltdiuln volume iiiniettOr inc ceo sed SUbstaint i, l1. a hon going floni 400 to, t00 nl,

but niot as mauch ais on the previous daY. Liquid wkater collttlt, ti t o r.w Va w

especially during the first sampling period, where, ti(-nimean % Au( a, ia ()ily,

9 ' 10- g I/ m1 . The Form la ctor' remained high, and shoa oh lt-ss -Oni~t'O1W ll :"

usual. Thus there was at greater varuvtf (list ributions Of p< rt11ILo at tiii. lox% 1,

The' weather was caused miainly by thc %a LI i iir Ioverruinning tl no colder i r 10:-~

of the front. The warmi air was relativelY at able, ketping 1)1(St tf tilt l110itli' 110t

lower levels. Thie variance of the Folu I, Factor nla% b h- duoe to the au tso~iA , onk 1

tive activity still present at this timie.

The 700-mib level also showed soin interesting cont 1'; ata. As a as ni 1v r o

(see '~i'ble 2), a variety of ci ryatal types % as pr'esent It tli level('. 1i" '' fhls

level are oisplaYeti in IFigure 43. Although both salnilis siht't in illk Lirlg( prfi

the number, liquid water content, aind Formi Factor va I'> great l. fromi t ho fir1st

s~imple to the second. TheY we(re taken 14 lain ap~it taind ill both caises the a i mpl :nu

asin tihick clouds. M\ilil( on 231 .Akr'h the i0-nmh surfii( l ,t' 's c-I< +(, 11wfi :1

1e- el, on 24 'March tuelt'ratu rea at' re still w ell below% freezing. Noodles, I. Igt

.,noa , wet snow, Lind supericooled ralin w er Itall p resent. The tilCicft lid t'Xp~on(le

somie icing. Smiall parcticles at -re ettulpi ratixel.% 'I' ospO cialx hu ring I hot scco211

saInlple. The 2- D cloud p tube lecortdtd an AntiSia 1lx smailll quialtitk of tita .>ol

channel1ts of tilt acatte-' Ip robe, fa iit'd to i(leer uin. ali prticles; a iiigiil uniu'L a I slu.

11011 in tHAS tx Pt t f clou-dinless. 'I'hua, despite' t1t uliilori th ru~ , C, 1

at ill 2 rot of pa elict' dlist ributions at this lvl

IAt IitUtitiufn a Siliiilal 65t 111) , IS so 1I ill 1r tm 14. \giu11, thI n' ..-

02 ith divertgence ii 1liqutidt Watel ctontent and0 For Fa t or. \gt iin, til'erea' '

-trio'tx of pt1rticl(-s rtetilmioti b.- the 2-h) .%st( iii. io thlm' ilO lft ais 1t1 ti)

tue. frecezing leve%(l and raill a'-s 1101W plelitiftil. hi'Al5lii irl'tol' 'opitrttti'In
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generally mixed with snow, several times during the pass (see Appendix A). There

were comparatively few smaller particles especially during the earlier period. This

may be a result either of accretion that occurred at higher levels or of sublimation

of the smaller particles.

The 24 March flight took place when the storm system was changing in charac-

ter. It was much more widespread than it had been the previous day and it pro-

vided precipitation to much of the central United States. The clouds, however,

were far from uniform. At times they had very large liquid water contents values,

but at other times, they had little moisture. The low pressure area was deepening

and soon the fronts would begin to occlude.

7.3 Samples From 25 March 1978

On 25 March, the fronts had occluded, and the system contained a large amount

of cloud. Although they covered a large area, the clouds sampled did not contain

as much liquid water as they had the previous day. As a result, while precipitation

was more widespread, it was generally less intense.

The sampling procedure was the same as the previous day. Samples, each

2 min long, were selected from each of the four passes for study.

Figure 45 shows the resultant data from 400 millibars. Unlike previous days.

at this time clouds were not continuous at 400 millibars. The liquid water content

was low. This was the result of a lack of large particles, as the 2-D data show

clearly. The Form Factor in both samples was high. Values were generally 0. 50

or higher. Unlike the 24 March case, this time the Form Factor was quite con-

sistent indicating a uniformity to the particle size distributions in the high clouds

which had not been there the day before.

Figure 46 shows that the same uniformity was present at 500 millibars. Again,

there were few large particles and low liquid water content values observed during

both sampling periods. This was the only case in the four flights during which the

Form Factor did not decrease when going from 400 to 500 millibars. The moisture

in the system was spread over a larger geographical area and the moisture at a

given location was less. The number of particles had only decreased slightly, but

the medium volume diameter and maximum size had both become much smaller.

In addition, most of the clouds were confined to lower levels. Occasionally while

at 500 mb the aircraft was in clear air with blue sky above. This was in contrast

to the solid overcasts observed at 500 mb on previous days.
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The 700-mb data are shown in Figure 47. Although the first sample had the

highest average particle count of any sample period, the liquid water content was

low. Small particles predominated. The Form Factor was unusually low since

there was a fairly uniform distribution of particles throughout the range of the

scatter probe. The low Form Factor and low liquid water content were also seen

in the second sample, however, the particle count had dropped from 1. 6 X 106 to

a more normal 2. 1 X 105 particles per cubic meter. The medium volume diameter

had increased, as had the maximum particle size. Although the temperature was

still -4°C, most of the particles were in the form of small water droplets. The

aircraft experienced considerable icing during this pass. The 2-D probes rarely

gave representative shadowgraphs since water and ice caught on the optical sensors

and produced long, meaningless "streaks". This phenomena, called "streaking"

is frequently observed in liquid precipitation. During this time, some surface

stations nearby were reporting freezing rain.

Data from the 850-mb samples are shown in Figure 48. The temperature

reported by the aircraft varied drastically during this pass and as a result the first

sample occurred at a temperature well below freezing while the second occurred

while the temperature was above freezing. Precipitation varied from snow to

freezing rain to rain. In both cases, the liquid water content was small. Average

Form Factors were both near 0. 20 which is a moderate value for this variable at

this level. The maximum particle size was quite large (over 400 4m) during the

tirst sample in large snow, while it was somewhat smaller (less than 2500 gm) in

the rain.

The 25 March flights explored a deep low pressure area with an occluded front

extendlinLg well to the south. Thus most of the moisture in the system remained well

to the south )f the sampling aircraft. As a result, the clouds while wide spread,

,)ntainred relatively little moisture. At the time, the system appeared to be weaken-

Ing, hut luring the next 24 hours an influx of moisture from the Atlantic Ocean

aused the svstem to reintensify.
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Figure 41. Sample Data From 400 mb - 24 March 1978. The particle

distributions are averages for 2-min periods. The 2-D shadowgraphs
were seloted from the 2-1) data collected during the 2-min period
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Figure 42. Sample Data From 500 nib - 24 March 1978. The particle
distributions are averages for 2-min periods. The 2-D shadowgraphs
were selected from the 2-1) data collected (luring the 2-min period
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Figure 43. Sample Data From 700 mb - 24 March 1978. The particle
distributions are averages for 2-min periods. The 2-D shadowgraphs
were selected from the 2-D data collected during the 2-min period
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Figure 44. Sanple Data From 850 mb - 2- March 1978. The. partii.

disatributions are averages or 2-niin )e'riods. The 2-1) shadowg taph

wore selected froi the 2-1) data 0,o1e(ted during tle 2 -nin period
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Figure 45. Sample )ata From 400 rnb - 25 March 1978. The particle
distributions are averages for 2-min periods. The 2-D shadowgraphs
were selected from the 2-D data collected during the 2J-nin period
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Figure 46, Sample Data From 500 mb - 25 March 1978. The particle
distributions are averages for 2-rain periods. The 2-1) shadowgraphs
were selected from the 2-D data collected during the 2-min period
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Figure 47. Sample Data From 700 mb - 25 March 1978. The particle
distributions are averages for 2-min periods. The 2-D shadowgraphs

were selected from the 2-1 data collected during the 2-min period
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Figure 48. Sample Data From 850 mb - 25 March 1978. The particle
distributions are averages for 2-min periods. The 2-D shadowgraphs
were selected from the 2-D data collected during the 2-min period
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7.4 Samples From 26 Mtarch 1978

By 26 March, the seconda rv Low in ( ieorgr a had brought additional iot sture

to rthe lower levels of' the stornt systemn. 'Ihe main sy stein now had riac herl the

east coast arid the Atlantic Oceani provided additiontal tnois tute. 'Ii It-ntvnsitv (Ii

precipitation front the system inCreasedi as the li(Joid water contetL Of tOW clo1.1dS

incteasel.

D ata f'ron the 400 -nib level on 26 1larclr arc prtsorted int higur t49. liquiti

water, orttent increased as tire numiber )t large particles- itireasod. 1I lie, I. otr'ttt

Factor remained high, which indicated that tire patiles it Iri.s levil wet s;till of

oiniforro size. The distribution does Show ai sitttilat'itv to he1 diStr'ibntiotts; t011t)

itt this level oin 23 arnd 24 Mlarch. All had relativelv high 1-orm Factots arid low

Values of liquid water contett. The c rvstal tvfpes geera I I were srt all teiw w ithI

s orni butllet rosettes des pite the different svrioptti c situation.--,

Data trorn the 500-rnib level on 26 Al arcl are shown F i gore 50. '1 hie difference

between the system on 25 and 26 Marchi is tio reccevident at this level. I .atge snow

was present and, as both the 2-I) dlata attd pa rticlde size di stribuion ts shtow,. there

were many lar-ger particles at this level. on 26 Match. Thre larg.e particles c-aused

a decrease rn the F'ormn Factor both tronm the 400 -nb level on both dla's and the

500-rnib level on 25 Mlarch. .Although thre increase in mto isture at this Ilevel was

substantial, the 500 -ntb dlata fromt 2:3 Match show that inart c ovc y sse

even more moisture can be found at this level. Thre 500-tih diata showed lie greatea;t

variation in Formt Factor, rtaxiriunt particle size. antd particle size listrilintiort of

any level examined in titis report.

The 700-nib level showed tire inf'fhr.x of' moisture c lea clv. As Figure 51 shows,

he liquid water, content at lhis level was amiong thle hi ghest observed (luringl the

se;ries of flights. A large niumb er of particles, cominted wi ith the trequent occur -

ten cc of large and wet snow, prov ided an ani plc ant (oot of'n ii stu re thlit led to the

tmoderate rain observed at the surface. The tettmperstture %%nas abouttt -3 ti. thtus,

the freezing level was still below the ai rcraft. Uinli ke ft(e 50rl-mrtb level, at rOii,;

Level the liquid water, content was greater in the stratified situnation on 26 Mlat-el then

in I h, mo re cotivetiv e situatioin on 231 March.
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At the 830-mb tecv, the aircraft was no longer in solid clouds. Figure 52

shows that rain and water roplets predoinimated. The influx of warm air led to

relatively warm temperatures as compared to those observd on 24 and 25 March

at this level. As was the case on previous lays, the Form Iactor was low at

850 tib indicatinq a broad ranee () particle sizes. Secondarv peaks, above 3000 ii,,

helped decrease the value of the Form Factor. The total nunber ot p)articles had

decreased from 700 nb; possibly due !o the fitTertince in satpnlirtw ttftu and locatiotn

or to the particles combining into tar4er drops before rea, hing this altitude.

This final sampLing of the stoirm svstem showed the ef!t t of the (Ieveloprmetlt

of a secondary center and/or the proximity of the ocean. 'I his was to ost evident

at the 700-nib level where the number of particles, particle size, and partiI lt),

combined to produce a dramatic increase tn liquid water content. AltnrouLh h,'

storm had reintensified, it had not regained the convective ('haracter it iad 'us-

played earlier and as a result the 500-mb level was not as stronilv attet'ed I)v the

influx of moisture. Although there was an increase in moisture at 500 mb, the

increase was much smaller than that observed at 700 millibars.

8. OVERALL DISCUSSION

The four flights made on 23 to 27 March 1978 provided a cross section o The

development with time ot a large scale system. The flight pattern provided a vor-

tical cross section of the storm. The sampling area for each !light was selected To

be north of the main low pressure and with the exception of t no fi rst mre passes

on 23 March, all data were vathered in the northeast quadrant of he system.

During the early stages, the storm onsisted mainlv of c.onvective ac tivitv.

This resulted in high liquid water contents in tlhe 500-, 700-, and 850-tnb levels.

is the storm moved eastward, it became more strati fied. 'Ihe 500-rb level be -

came drier, while moisture, when available, remained at the lower levels where

the moisture was entering the storm system. Although some ,changes were seen

at the 500-rb level, there was less , hange in liquid water content, Form Factor,

and particle type there than in an" of the lower levels.
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Figure 49. Sample )ata From 400 mb - 26 March 1978. The particle
distributions are averages for 2-min periods. The 2-1) shadowgraphs
were sekected Irom the 2-I) data collected during the 2-nin period
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Figure 50. Sample Data From 500 mb - 26 March 1978. The particle
distributions are averages for 2-min periods. The 2-D shadowgraphs
were selected from the 2-D data collected during the 2-min period
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Figure 51. Sampie Data From 700 mb - 26 March 1978. The particle
distributions are averages for 2 -rin periods. The 2-1) shadowgraphs
were selected frorn the 2-1) data (,oilocted during the 2-min period
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Figure 52. Sample Data From 850 mb - 26 March 1978. The particle

distributions are averages for 2 -min periods. The 2-D shadowgraphs

were selected from the 2-D data collected during the 2-mn period
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Although its derivation seems arbitrary (see Varley 5 ) the Form Factor did

provide a way of characterizing particle distributions. Figure 53 shows the aver-

age of the Form Factors of the two 2r-min samples taken at each level on each flight.

The convective clouds increased vertical mixing and as a result the first case

(23 March) showed the most uniform distribution of Form Factor with altitude. On

24 March, the storm retained convective characteristics and also had the second

most uniform distribution of Form Factor. The weak stratiform case on 25 March

shows the widest variation. In all cases, the Form Factor decreased between 400

and 700 mb and between 500 and 850 millibars. In general, the Form Factor at

higher levels (between 400 and 500 mb) increased with time indicating that the more

stratified clouds had a concentration of similar-sized particles. The Form Factor

at lower levels (700 and 850 mb) showed no definitive pattern which showed that

changes there were more random.

1.0

-- 23 March -- - 24 March
.... 25 M . ..... 2b March

0I- .6

S..... Figure 53. Average Form
.. . Factor of 2-min Samples

2., vs Altitude for Each of the
o .. . Four Sampling flights

.2

400 800 700 850

PRESSURE (mbs)

In Figure 54, the same method has been used to compare mean particle diam-

eters. In all four cases, the largest particles occurred at the 700-mb level. This

was usually the level closest to the melting layer. In all cases, the particle size

at 400 mb was small. The mean size was also consistent from sample to sample.

This was not the case at 700 or 850 mb as can be seen by examining Figures 37

to 52. As a general rule, the larger the particle diameters, the larger the vari -

ability. The larger particles found in the lower levels of the 23 and '-6 March cases

may be due to the warmer temperatures since warmer air can hold more water

vapor. On both of these days, the 850-mb temperatures were 5'C ')r warmer,

while on the other days, 850-mb temperatures were generally below 0'C.
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These two quantities illustrate the general tendency of a more consistent (loud

above 20,000 ft during the life of the storm, while larger changes in crystal type,

density, size, and structure occurred at lower levels. Additionally, the higher

level clouds tended toward enhanced particle distributions (see Houze et al8),

while suppressed distributions were more common at lower levels. Sublimation

at higher levels and aggregation at lower levels could give rise to this result.

In effect, there was a tendency toward a uniform type of particle distribution

along the vertical axis in the case of a convective storm. The stronger vertical

currents caused a more even distribution of particles with altitude. Form Factor

and liquid water content varied less rrom level to level on 23 March than on 25

or 26 March.
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9. CONCLUDING COMMENTS

The storm of 23 to 27 March 1978 provided an excellent example of a develop-

ing mid-latitude cyclone. The data provided by the MC- t30F provide an in depth,

detailed look at the development of the storm; the microphysicai development of

the clouds in the system.

This was a good example of a fairly intense large scale storm. Although the

data presented represent only a small sample of the clouds associated with the

storm, some essential features of the storm system were sampled, described,

and characterized. The fine scale, microphysical data delineate regions dominated

by sublimation or aggregation. Future studies of the onset of aggregation and its

Causes could reveal the potential for advancing or delaying aggregation. Any

control in the onset of aggregation would modify the ground precipitation patterns.
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Abbreviations

AFB Air Force Base

AFGL Air Force Geophysics Laboratory

Ci Cirrus

Cu Cumulus

DO Medium Volume Diameter

EWER Evaporate the Water that aggravates Erosion on Reentry

FF Form Factor

GOES Geostationary Environmental Satellite

Hdg Aircraft Heading

IAS Indicated Airspeed (knots)

INS Inertial Navigation System

km Kilometer

LWC Liquid Water Content

m Meter

mb Millibar

McIDAS Man-Computer Interactive Data Access System

mi Miles
-3

mm Millimeter (= 10 meters)

nm Nautical Miles

NT Number Density; Total Number of Particles per

Cubic Meter

OAT Aircraft Outside Air Temperature (degrees, Celsius)

PMS Particle Measuring Systems, Incorporated
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Sc Stratocumulus

St Stratus

TAS True Airspeed (knots)

TT Rosemount Total Temperature

Vis Visibility

Z Reflectivity or Greenwich (Universal) Mean Time

gm microns (= 10 - 6 meters)

I-D One Dimensional PMS Probe

2-D Two Dimensional PMS Probe
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Appendix A

Mission Director's Comments

Excerpts from the written notes and those recorded on the voice tape by the

Mission l)irector, Capt Donald Cameron, are presented here. Remarks in

parentheses are additions by the author based on the voice tapes, nose camera film,

and photographs taken bv the lission Direetor.

All temperatures are those read from the aircraft outside air temperature

indicator. These are generally warmer than the actual air temperature. The

Rosemount Total Temperature readings are included in the listings found in

Appendix B.

Aircraft position is reported as "Latitude/Longitude" and is given in degrees

and minutes.

\\inds are reported "is "Direction in degrees/speed in knots".
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Flight Notes From 23 March 1978 - Mission 78-10

TIME (Z) COMMENTS

19:10:00 (Rain reported by crew while preparing for takeoff from

Kirtland AFI. )

19:11:5 1 iThunderstornm with hail observed by aircrew.

19:25:53 l'akoff from Kirtland A FR, New Mexico.

20:24:17 12 nii West of Amarillo.

20:28:00 Most (-loud.- in the area look solid with good vertical development,

20:29:00 Setting up a leg between l)alhart and Texico.

20:3 1:05 Ran out of clouds, about to go back into them.

20:32:47 Clouds now very thick; at Amarillo, there weren't any clouds.

20:34:14 Altitude: 23, 600 ft; Heading: 286; Winds: 0351 21;

TAS: 248; IAS: 170.

20:36:35 Going into clouds soon. Coming to tail clouds 8-9, 000 ft above us.

Moderate snow, occasional light turbulence.

20:39:00 BEGIN PASS 1: Alt: 23,700 ft; 40 NM east of Dalhart. Heading

272 and turning. INS Winds: 183/28 - 0.3 to 0. 3 mm particles
Max - 0. 6 mm.

20:40:37 Gray outside 'rom top to bottom. TAS 219.

20:41:14 116 deg/33 nm from Dalhart.

20:4 1:43 0.3 mm particles - IAS 150, TAS 220, sky still gray. Horizontal

visibility 1 nm. Occasional light turbulence.

20:43:07 Passed a brief break in the clouds. Particle sizes 0.2 to 0.4 mm;

sizes gradually increasing. Plates are common.

20:45:07 Can see a laver below. Still light updates. Ci has thinned out;

Filaments are going by.

20:47:18 Sc undercast with towering Cu coming through it.

20:50:00 END PASS 1. Beginning a spiral descent, undercast Sc, Cu popping

through. Clear above.

20:55:54 Coming tinder a cloud deck.

20:56:58 Position: 35. 57/ 102. 26. Under cloud hand.

20:58:00 BEGIN PASS 2. Position: 35. 54/102. 22, Wind 243/22; 15 nm

from l)alhart.

21:00:35 Solid undercast. Fairly solid overcast with CU activity.

21:01:52 Nothing on snowstick. Gray all over.

21:04:46 Broke out of clouds. Solid undercast. Sc and Cu.

21:06:37 Rack into clouds Spotty snow, many sizes -from 0. 2 to 2. 0 mm

on snowstick.
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Flight Notes From 23 March I'178 - Mission 78-10 ((noIt)

T IM E COMM E NTS

2 1:08:13 18 nm from Amarillo. Larger snowstick activity, about 3 inm.

2 1:09:52 Good 2. 0 mm updates. It is gray out; can not see up or down.

Can locate the sun only by its )rightness.

2 1:11:04 Moderate snow. Light turbulence. Sizes 0. 6 - 0. 7 m In to 2. 0 1n1n.

21:12:06 lidg 130; six miles from Amarillo,

21:14:00 END PASS 2. Large snow - moderate. Particles as big as 3. 0

to 4.0 ram.

2 1:26:00 In clear air.

21:26:26 Weather has changed rapidly. Since arriving in the area, the system

has moved from west of Amarillo to Amarillo to east of Amarillo.

2 1:28:10 Clouds are now past Amarillo; nothing to the west.

21:30:00 BEGIN PASS 3. 9,880 ft. Wind 262/14. Between layers; Ci and

middle cloud above. Undercast below, position 35. 40/ 105. 57.

21:31:43 Still between layers. Horizontal bands to the side.

2 1:33:00 Between layers. 1500 feet above the lowest laver. Not getting any

droplets. 2 to 3 thousand feet below bases of upper layer.

2 1:34:22 Getting into haze. Sun not visible. Nothing on probes or snowstick.

21:35:37 Position: 35.42/101. 37. Getting some fallout from cloud above.

Can see virga.

21:38:42 Horizontal visibility is now 15 miles. Decreasing as we go int'

underhang from clouds. Wet snow - particle sizes 2 to 3 mm -

on snowstick.

2 1:39:42 Completely in cloud. OAT r +4. In a turn. TAS - 180.

2 1:40:27 Snow grains - 2 to 3 mm. Some melt, others do not.

21:41:15 Breaking into a clear area. Position: 35. 40/ 101. 14

21:42:00 END PASS 3.

21:42:28 Enroute to NE Oklahoma. (Enroute to the next area aircraft climbed

to 23, 000 ft. At that altitude, it was in the clear until 2200Z.)

22:00:00 (From here until arrival at the ncxt area, aircraft was in and out

of clouds. )

22:40:40 BEGIN PASS 4. 23, 000 ft. OAT - 20 IAS 148 in cloud - have been

for a while A little icing on wingtips.

22:41:22 Heavy particles 0.4 to 0.8 mm on snowstick.

22:43:20 Crystals appear to melt. Maximum size 1 mm - getting into

heavier precipitation.

22:44:37 Hdg 200. Pos. 35. 53/95. 47. Wind 233/34 strictly in cloud.

- 2:4.5: t Little icing on the wing. Can not see filaments - only gray.
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"light Notes From 23 March 1978 - Mission 78-10 (Cont)

T IM E COMM ENTS

22:46:22 Consistent cloud. Size of particles 2 mm, 0. 5 mm width. Clouds

are black to gray.

22:48:37 Still in cloud. Most particles are 0. 3 to 0.8 mi. Maximum

particle size is I mim.

22:49:08 Possibly a little tighter out. Still gray. Hdg 005. Pos 36. 13/95. 39.

Wind 231/39 TAS 224, IAS 151. Small counts on Precip probe.

2'2:50:46 In cloud. Particles a hit snialler - 0. 3 to 0. 5 im. Wing visible.

Horizontal Vis 1/2 mi. N,) ice on windsheild. Alt 23. 6 m

Had 002.

22:52:37 Stick not icing as before. Particle distribution is bimodal. Peaks

at 0. 2 and 0. 8 mm.

22:54:25 Sun very dimly visible through clouds above. Ice on edge of wing.

22:56:23 A little turbulence. Particles going to 2. 0 mm.

22:58:49 Turbulence decreasing. Particles 0. 3 to 2.0 mm. Still in gray

clouds.

23:00:25 Particle size getting a bit smaller.

23:02:00 END PASS 4. Will descend to 18, 000 ft, then turn around to start

pass.

23:06:26 (Navigator notes storms about 20 NM out.

23:09:47 In cloud. 18, 300 ft alt. Deviating to avoid thunderstorms.

23:11:07 Snow - up to 3 mm. Snowstick quickly covered with snow.

23: 12:50 Position 36. 43/95. 29.

23:13:30 Particles now smaller - about 0. 3 mrm.

23:15:22 Back to larger snow, almost wet. About 0.8 mm. 6-sided crystals.

23:16:23 Position 36. 34/96. 25. Wind 238/24.

23:19:07 Still gray. Hdg 200. Wind 242/27. 47 nm from Okmulgee, Oklahoma.

23:19:54 Snowstick range 0.4 to 1.0 mm.

23:20:32 Patches of small snow alternate with large ones.

23:22:05 Altitude change to 17, 100 ft beginning at 2323Z. Position 36. 15/95. 35.

Wind 240/23 - have picked up.

23:24:23 Sizes of particles are larger. More at 1-2 mm. 60% still

0.3 to 0.4 mam.

23:25:25 Max particle size 1. 5 mm Min size 0. 4 mm.

23:26: 17 Some particles are 3.0 mm. No turbulence. Alt 17, 200 ft. 25 mi

from Okmulgee. Position 36. 05/95. 40, Wind 220/24.

23:28:35 Snowflakes visible. Max size 2 mm. Occasional light turbulence.

23:29:16 Size dropping off to 0.9 mm.
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Flight Notes From 23 I\arc'h 1978 - Mission 78-10 (Cont)

TIME COM I 1\ ENTS

23:32:47 Big particles on 21), but the recorder had stopped.

23:33:00 EN) PASS 5.

23:36:00 Lightning just ahead. Position 35. 41! 5. 51, Winds 218122.

23:43:00 BEGIN PASS 6.

23:4:1'3 5 (Getting la'ge wet snow. 3 to 4 mm sizes. OcIcasional light

u rhu le , .

23:45:07 Altitude 9,900 tt. Wet snow. Partics as large as 5.0 mm.

23:46:28 Position: 36.08195.40. Wind 220/15.

23:47:10 No definitions of clouds just unirorm gray up and down. OAT .4,

TAS 174, IIdg 008. Pos. 36. 13/95.38. W ind 213/27.

23:48:10 Still wet snow, 2 to 3 mim. Melting as it hits the stick. Intensity,

light.

23:50:03 Gray, wet snow. Sizes a bit smaller. 3 mm max. TAS 187 Hdg 012.

23:5 1:20 Particles a bit bigger-to 4.0 mam.

23:53:52 Wet snow melts when hitting the stick. Diameters to 6 mm.

23:55:45 TAS 184. Position: 36.37/95.26.

23:56:30 Data still verv consistent.

23:57:07 (More lightning observed by crew)

23:57:37 More intense 2 to 3 mm wet snow. IAS 150.

23:58:55 Moderate rain, occasional snow. Light turbulence.
Position: 36. 48/95. 16. Wind 300/09.

00:00:38 W et snow then rain, lightning to the right.

00:02:30 Occasional light turbulence. Wet snow. 2 to 3 mm occasionally

heavier.
00:02:45 Gray outside. Consistent at all levels.

00:03:20 Clouds have appeared below. CU type. The first time in awhile

that structure is visible.

00:05:00 END PASS 6. Wet snow; uniform gray.

00:18:23 In rain. Good streaks. Alt 5,000 ft.

00:19:30 BEGIN PASS 7. Alt 4.9 m. Hdg 212. Light rain.

00:20:08 Position 36. 44/95. 21. Wind 161/04. Small clouds to the side.

Clouds above a little lighter than before.

00:20:4 1 Lower layer tops 3000 ft, solid undercast. Also solid overcast.

Tops are 6000 ft to the west. Rain intensity has decreased.

00:22:57 In light rain between layers. Sc, St below; some Sc at 5 to 6

thousand feet.

00:23:38 Getting rain from the layer above.
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Flight Notes From 23 March 1978 - Mission 78-10 (Cont)

TIME COMMENTS

00:24:55 Visibility decreasing. Still in light rain. TAS 165.

00:27:30 Still in light rain. Going through the base of a cloud.

00:30:35 Cu clouds; ground visible. Low broken St 700 ft above the ground.

Broken layer 4 to 7 thousand feet. Still in continuous light rain.

00:32:36 Hdg 200. Alt 4,800 ft. TAS 164 Position: 6. 14/95. 39. Wind 160/04.

Starting to see clouds and particles going by.

00:33:23 Light to moderate rain. In and out of cloud. Tops 6M.

00:34:00 Back into cloud. Occasional light turbulence.

00:36:57 Rain is a bit lighter, Ground visible. Out of clouds. Broken St

below at an altitude of 2500 to 3500 ft.

00:37:40 Still getting light rain. Horizontal visibility 4 nm. Alt 4700 ft.

00:40:00 END PASS 7. TAS 160; IAS 149.

00:43:32 Climbing to 19,000 feet.

01:36:00 Land at Little Rock AFB, AR.

86



Flight Notes From 24 March 1978 - Mission 78-11

TIME COMM ENTS

17:46:20 Takeoff from Little Rock AFB, AR.

17:49:00 (Aircraft is climbing through low cloud layer.

19:43:00 BEGIN PASS 1. In (-loud. Heading 246. Position 41. 10/8!). 40.

True Airspeed 220. Indicated Airspeed 150 knots.

19:43:55 Sun a little brighter now. Light but increasing activity on the

snowstick. 0. 8 mm average.

19:44:41 Altitude, 23,400 ft. IAS 145, TAS 213, Outside air temp -19.

19:45:35 Position 41. 07/89.49. Wind 166/24.

19:46:35 Snowstick particles are smaller - 0. 2 to 0. :3 mm. Intensity is light.

19:48:37 Snowstick particles are now round. Cloud has filaments. A bit of

blue is visible. Tops appear 3,000 ft up. Horizontal visibility

2 miles. Gray below.

19:49:21 Very little evidence of icing.

19:50:29 Sky almost blue, but in a wall of clouds. Clouds still extend

2 to 3, 000 feet up.

19:52:11 Clouds are a bit lighter than yesterday.

19:54:42 Looks like it is g,,tting thinner above.

19:55:50 Jet passed; no cGntrai s, t ravish a1bove, No distinction of cloud

below.

19:58:46 Particle size increasing. Intensity moderate. Stick fills up in

5 to 6 seconds. Size 0.4 to 0.5 mm. Max 1.0 mam.

20:00:17 Intensity now light to moderat4.. -40. 56/9 1. 02. Wind 129/ 15.

TAS 223 OAT -20 to -21.

20:01:10 Size more consistent. Intensitv is heavier.

20:13:25 Position 40. 34/96. 19. Wind 120/31. Probably going through the

tops of Cu. Nothing on radar.

20:04:21 Snowstick particles a bit larg,,r - average size 0. 8 im.

20:04:39 Particles now a bit .smaller - t'oundish - 0. 9 mm max; width 0. 4 mm.

20:05:35 Starting to break out. Patch ahead.

20:07:00 END PASS 1. Clouds to the right; open to the left. Position

40.51/91. 39 - is 10 nm after leaving clouds.

20: 11:22 Level and in clouds at 40. 50/9 1. 57.

20:15:00 BEGIN PASS 2.

20:15:21 40. 54/91. 57. Between layers. Ildg 080. Wind 134/ 13.

20:16:52 Bright above. Ci well above.

20:17:52 Alt. 18,300. Still between layers.

20:19:27 Round snow - may be icing up. Flakes are I to 2 rm.
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Flight Notes From 24 March 1978 - Mission 78-11 (Cont)

TIME COMMENTS

20:20:32 Completely overcast. Now in clouds. Alt 18, 300.

20:22:37 Sun briefly visible. 0. 3 mm particles are probably fallout from Ci.

20:23:47 41.00(91. 22. Wind 156/18. Very light snow. Can see clouds

passing.

20:28:22 In and out of Cu. Light Chop. Sun visible. Thin Ci overcast above.

Light snowstick activity.

20:29:21 At 18, 000 ft. Horizon has disappeared.

20:30:12 Light Chop. Particles are a bit larger - to 0. 6 mm.

20:3 1:00 Horizon visible to left; not to right. Snowstick icing up.

20:32:12 Back in clouds. Light snowstick activity. Sizes 0.6 to 0.7 mm.

20:33:57 Between layers.

20:35:40 In clouds. Looks like large snow. I to 2 mm.

20:36:47 Position: 41.06/90.26. Wind 185/32.

20:39:47 Can see horizon. Can see sun. Snowstick particles 1 to 2 mm.

Occasionally 3 mm.

20:42:36 Smaller, elongated particles on snowstick. I mm long; 0.4 mm wide.

20:44:00 Particles more elongated. Narrow, bunched up snow, some ice

on probes.

20:45:10 18,600 ft. 2.0 mm particles on snowstick. Sun appears as a

bright spot. Overcast above and below. Wind 201/18.

20:46:00 END PASS 2. Position 41. 10/89, 43.

20. 56:35 (Winter storm advisories are up for IN, IL, OH).

20:57:30 BEGIN PASS 3. 9,600 ft. Gray outside. Winds 133/29.

Pos. 41.07/90. 10 OAT + 1. Dew Pt. -3. Snowstick iced up.

20:58:37 Wet, melting snow.

20:59:30 Rain and snow mixed. Particles to 3 mm. Alt 9700 ft, Hdg 248.

21:00:07 33 nm from Bradford. Most particles are droplet size.

21:00:48 Rime type icing. Easy to remove. Snow occasionally visible.

21:01:27 41. 04/90. 23. OAT = -1. Dew Pt -2.7 Occasional snow, but

mostly water. Size 0. 8 mm. Stick freezes.

21:03:20 Rime icing on windshield.

21:05:03 Little snow now - mostly rain.

2 1:06:33 41.02/90.44. Wind 11831. TAS 174. IAS 150; bottom windows

are covered with ice.

21:11:01 More rain and rime icing. Flakes to almost 4.0 mm; large snow.

21:12:30 Solid looking 3 mm globs. Also wet snow. IAS 150. TAS 172,

Alt. 9,700.
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Flight Notes From 24 March 1978 - Mission 78-11 (Cont)

T IM E COMMENTS

21:15:46 Well formed 2 to 3 mm snowflakes.

21:17:00 OAT is just above 0.

2 1:18:10 Alternating between wet and large snow.

21:19:57 Mlore icing, wet snow 2-3 mm max. Most flakes about I inn,.

21:21:41 Hdg 250. Dew Pt -4.0.

21:25:00 END PASS 3.

21:29:58 Alt 7,200, observing big, wet snow.

2 1:30:59 Flight has been smooth.

2 1:32:57 Still getting wet snow. Icing on probes.

21:36:00 BEGIN PASS 4. In wet snow at 5,000 ft.

2 1:37:18 Sizes 2 to mm. Alt 4,700 ft. TAS 159, OAT = +2, IAS 150.

21:40:25 Often in precipitation.

21:4 1:55 Dew Pt 0, OAT +2. Occasional snowflakes, but mostly rain.

2 1:43:30 Rain and snow mixed.

21:44:38 TAS 159. Alt 4,700. Hdg 078. 40. 56/91. 26. OAT +3.

2 1:46:22 More wet snow. Sizes range from I to 2 mm.

21:48:00 Sizes of flakes are increasing. One was 5.0 mm.

21:49:11 Rain and snow mixed.

21:54:40 Alt 4,700 ft. TAS 159. OAT = +3. Position: 40. 69/91. 01.

Wind 092/38. Wet snow. A trace of icing. Snow diameters

0. 3 to 3. 0 mm.

21:57:55 Snow shapes are irregular. OAT +3.

22:00:00 41. 01/90.48. Dew Pt = -0.7. TT +3. END PASS 4.

22:05:27 Climbing to 17,000 ft for the flight back to Wright-Patterson AFB.

23:02:40 Ice forming on the leading edge of the wing.

23:03:30 (Crew can see the ground.)

23:40:00 Land at Wright-Patterson AFB, OH.
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Flight Notes From 25 March 1978 - Mission 78-12

TIIE (Z) COMMENTS

16:56:00 (Pilot notes low ceilings at Wright-Patterson AFB.

17:05:25 Takeoff from Wright-Patterson AFB, 011.

17:34:00 (Ci; changes from overcast to scattered. )

18:00:00 BEGIN PASS 1. Between layers. Ci and halo above. Ci about

4 to 5, 000 I't up.

18:00:41 On snowstick, light activity. Looks like small snow.

18:01:12 TAS 219. Hdg 109. 75 mi from Bradford, PA.

18:02:00 Position 41. 44/80. 15. OAT -20. Wind 238/34. Vis 3 mi in cloud

and haze. Top of lower cloud layer visible.

18:03:48 Atitude: 25, 000 ft.

18:04:00 Totally gray ahead, but currently in an open area.

18:05:30 Clouds at flight level. Small snow on the stick - 0. 4 to 0. 5 mm.

2-D shows elongated particles.

18:07:42 Halo still visible. Hard to see lower clouds. Snowstick activity

has decreased. Visibility has improved.

18:16:23 Alt 23,600. LAS 150. TAS 219. OAT -21. 44.78/78.56.

Wind 234/39. Snowstick -0. 2 mm. Activity is light.

18:18:57 41. 44/78. 44, IAS 150. Can see texture of clouds above.

Snowstick 0. 2, occasionally 0. 5 mm.

18:20:30 END PASS 1. Clouds today are thinner and more stratified than

in previous days.

18:27:00 Level. BEGIN PASS 2. Alt 18, 300 ft. TAS 206.

Position: 41.46/78.58.

18:28:30 Wind 218/34. Snowstick particles up to 2 rnm. Average 0.8 mm.

18:29:19 Uniformly gray.

18:30:37 41. 46/79. 10. 0.8 - 0.9 mm. Occasionally 1.5 mm. Intensity back

to light. Most flakes are round. A few are elongated.

18:31:34 Halo above.

18:32:38 Lower tops 9 to 10, 000 ft. Blue patch above.

18:33:33 Little on snowstick.

18:34:33 Overcast 3, 000 ft above.

18:39:17 A little bounce. Can see clouds below. Contrails overhead. Can

see through Ci. Looks grayer ahead.

18:40:20 Entering clouds. Snow stick has 0. 4 to 0. 5 mm particles.

Alt 18, 300 ft. More clouds ahead.

18:40:52 41. 46/79. 50. Wind 224/28. Snowstick 0.2 - 0.3 mm.
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Flight Nots From 25 March 1978 - Mission 78-12 (Cont)

TIME COMMENTS

18:42:14 Stratified clouds to the right. 3 layers of Ac and As.

18:43:12 2000 ft below solid Ci. Clouds lower to the left. Few clouds

to the south.

18:44:20 Will terminate pass early due to lack of clouds at 18, 000 ft.

18:46:00 END PASS 2. 41.47/80.09. Wind 224/28.

18:47:12 Clouds are light-between layers. Undercast left. 3000 ft below.

18:48:45 Open sky south. Alt 15,700. Undercast 2000 ft down.

18:51:00 Entering cloud tops at 13,500 ft. OAT -2.

18:52:02 Snowstick is freezing up. Mostly rain.

18:53:26 In freezing rain.

18:57:00 BEGIN PASS 3. Much cloudiness at 10,000 ft. Dew Point +1.9.

Mostly rain. Occasional snowflakes. Alt 9, 600.

18:59:37 Water streaming off the window.

19:03:00 Freezing rain reported in Maryland.

19:03:42 OAT +2. TAS 173. Position: 41.47/80. 12. Wind 230/24. Can

not see texture of clouds. Visibility 1/2 mi. Rime icing on wing.

19:09:10 Icing, but few particles on the snowstick.

19:10:50 Altitude 9, 600 ft. Ice on intakes.

19:11:34 In rain. Icing coming from precipitation. More icing than yesterday.

19:13:26 TAS 171. OAT 0. 41. 48/79. 33 241/21. Icing: poor visibility,

definitely in cloud. No flakes hit the snowstick.

19:19:20 Ice readily forms; is easy to knock off. Still raining. Occasional

flakes. Alt. 9, 550 ft. Hdg 098.

19:23:00 END PASS 3. Terminated early due to aircraft icing problems.

19:28:27 Ground visible. Snow still there.

19:3 1:00 BEGIN PASS 4. 4,700 ft. Back in large snow.

19:32:05 Snow 2 to 3 mm. down to 0. 8 mm. Ground with snow visible.

OAT -2. TAS 154. 4, 600 ft. Hdg 270.

19:32:44 Position: 41.44/78.05 Wind 130/47. TT -5. Light snowstick

activity - elongated Max 2. 0 mm.

19:33:34 Fracto Cu below. Bases less than 1000 ft above the ground.

19:38:20 Ground visible. Supercooled water. More clouds below.

19:39:11 Visibility 1/4 mi. Continuous clouds above.

19:43:33 Light turbulence.

19:44:30 Now getting pure rain. In cloud, ground not visible.

19:45:37 Still getting icing on props and probes.

19:46:35 In and out of clouds. Overcast solid above. Only rain on snowstick.
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Flight Notes From 25 March 1978 - Mission 78-12 (Cont)

TIME COMMENTS

19:47:47 Winds dropped to 34 kts.

19:55:00 Light rain. TAS 157. Alt. 4,700. Hdg 275. OAT +4.5.

19:55:49 42. 00/78. 18. Wind 157 /17.

19:57:50 Still looks like rain - light streaking. IAS 150. TAS 160.

PAT +4. Pos. 41.43/80.23. Wind 156/ 17.

19:59:33 Ground and low clouds below. Rain at Acft level. 41. 43/80. 33.

20:00:00 END PASS 4.

20:40:00 (Between layers.

20:48:06 (Crew observes rain.

20:55:30 Final comments. Not as much cloudiness as on previous flights.

Much icing at the lower levels. Temperature was constant with

altitude at +2 to +4. Rain and snow were mixed at lower levels.

21:02:25 Land at Wright-Patterson AFB, OH.
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Flight Notes From 26 March 1978 - Mission 78-13

TIME (Z) COMMENTS

14:44:40 Takeoff from Wright-Patterson AFB (Into Ragged Sky).

14:47:46 (On top of Sc deck.

15:24:00 (Aircraft moves below Ci shield.

15:35:38 (Aircraft goes into cloud.

16:01:00 Nice Halo. Contrail through Ci. Nothing below. Layer above.

Gray on both sides.

16:06:00 BEGIN PASS 1. 23, 600 ft. Outside Air Temp = -20. Dew Pt = -30.

16:07:45 Position 40.29/76.40

16:08:46 Can barely see a halo. Winds 260/73. Sun is bright. In light

precipitation. No definition of cloud. Particle length 1 mm.

Width 0.4 nm.

16:09:36 Intensity is increasing. OAT -20.

16:11:00 Intensity still light. Max Particle 1.5 mm; most are smaller. -0.2 mm.

16:12:51 OAT -20. TAS 222. Particle sizes 1.0 to 0.4 mm. Sun is bright -

with halo. Below - solid clouds. IAS 150.

16:13:37 Position: 40.48/76. 15. Wind 199/70.

16:14:33 Particle distribution on srnowstick is bimodal. Peaks at 0.4 mm

and 1. 0 mm.

16:16:38 Position: 41.01/76.00. Wind 204/74. Larger particles are round;

1 mm in diameter.

16:17:40 Now particles are smaller. Avg. 0.7 mm.

16:20:52 Nice halo. Sun too bright to look at.

16:22:40 Flakes smaller. Winds 210/65.

16:23:00 END PASS 1.

16:24:30 Descending to 18, 300 ft.

16:31:00 BEGIN PASS 2. Alt 18, 300. IAS 150 kts.

16:31:40 TAS 202. OAT -10. Snowflakes 2. to 3. mm. Same on precip.

Intensity light to mod.

16:32:30 Some particles 0. 8 mm. Pos. 41. 12/75. 49. Winds 202/36.

16:33:27 Wind 213/28. Snowstick - 2 mm avg. Some about 1 mm.

16:35:50 1. 0 to 2. 5 mm on stick. Light snow. Some elongated.

16:37:16 Breaks in clouds; snow becoming less intense.

16:39:00 Position: 40.48/76.08, Wind 248/14, speed diminishing.

Snowflakes light - 1 to 2 nm sizes, some smaller.

16:44:06 Light-Mod. precip. 2 to 3 mm, or smaller. Sometimes they melt

on stick.

93



Flight Notes From 26 March 1978 - Missi '8-13 (Cont)

TIME COMMENTS

16:45:10 Clouds consistent; grayer toward the front. Can almost see the sun.

16:46:00 Halo still visible. Clouds are stratified, tops are at 15, 000 ft.

Few breaks in Ci. Smaller flakes, afg 0.7 mm; Dew' Pt -16. 8.

16:48:33 Good sized snowflakes. Clouds uniformly gray.

16:50:02 Larger particles now fill stick quickly. Max 3. 0 mm. Small ones

0. 5 mm.

16:51:27 Alt 18, 400. Hdg 226. OAT -10. 40. 28/76. 41. Wind 186/40.

16:53:00 1 to 3 mm flakes. Look like nice snowflakes.

16:54. 00 La-ger flakes 2 to 3 mm. Alt 18, 400. TAS 205 kts.

16:54:50 Big flakes - look like 5-sided starts.

16:55:25 Position: 40. 22/76. 51. Winds 187 /45. Snowstick bimodal;

max 2 mm. Most 0.7 mm. A bit brighter.

16:58:00 END PASS 2. 40. 17/76. 58. Starting descent to 10, 000 ft.

17:03:48 At 15, 000 ft and descending.

17:10:00 BEGIN PASS 3. Alt. 9,800 ft. in cloud.

17:11:20 Position: 40. 39/76. 27. Wind 201/44. Particles melt on snowstick.

17:12:27 In clouds-gray again. Light intensity. Large conglamerations of

flakes 2 to 3 mm in diameter.

17:13:42 Dew Pt varying from -1 to +1. Flakes still 2 to 3 mm. Intensity

still light.

17:16:02 Little light turbulence. In liquid precipitation.

17:17:24 Into snow. Some round (rain) particles.

17:22:10 12 miles south of Wilkes-Barre, PA. Rain now predominant. Less

icing than yesterday.

17:25:00 Dew Pt -0.9. Position: 41. 14/75. 38. Still in wet snow.

17:26:00 END PASS 3.

17:36:00 Still descending.

17:38:00 (Begin to see the bottom of the cloud.

17:39:00 Level at 5,000 ft.

17:39:30 BEGIN PASS 4. Scattered stratus 400 to 1000 ft above ground.

17:40:07 Ground visible. In rain below the bases of the overcast. Aircraft

is 3000 feet above the ground.

17:41:40 Position: 40. 5 1/76. 06. Wind 163/4 1. Altitude 4500 ft. Light rain.

Ground not visible. Light turbulence.

17:45:30 Wind 160/40. In continuous rain.

17:47:00 Breaking into an open area. Ground visible. Clouds at 500 ft and

1000 ft above aircraft. Light turbulence.
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Flight Notes From 26 March 1978 - Mission 78-13 (Cont)

TIME COMMENTS

17:49:27 Ground below is snow covered. We are in rain. Overcast is at

5500 ft.

17:53:48 Position: 40.31/76.31. Wind 157/35. Nothing on snowstick. Rain.

Visibility 1/4 mile. Cloud filaments at flight level. Continuous

light turbulence.

17:55:12 Cloud tops at flight level -stratified.

17:57:30 Between layers. About one mile visibility. Ground visible through

broken Cu below. Moving into heavier rain, obscuring cloud

ant ground.

18:00:14 Few layered clouds outside.

18:0 1:50 Light Turbulence.

18:03:45 10 mi from Harrisburg. PA. \isibilitv 4 mi in light rain. Clouds

visible to the side. Clouds appeat, 1300 ft below.

18:04:24 Going back into cloud. More rain on left side of aircraft.

18:04:57 Visibility decreasing. Dark streak to the right.

18:05:24 Alt 4,700. OAT +7. Pos 40. 15/76. 55. Wind 166/33.

18:06:30 END PASS 4.

18:08:00 (Climbing-went into cloud deck.)

18:19:00 (Near top of clouds.

18:23:00 (In Clear between layers.

18:3 1:00 (In clear-broken Ci above. Broken Sc below.

18:49:40 Pos 42. 14/80. 50. In cloud.

19:15:00 Final comments. Constant clouds and precipitation. Some

turbulence.

t9:22:45 Land at Wright-Patterson AFB, OH
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Appendix B

30-Second Data Averages

I)tta !rop. h1w .,ul :hgts ieiiwludi hd wn hj5 Appn lix. 1'ass(e.s are inidiated

hv hrnlkt-., Ow- rtltti h.h~ nnl 'L'' :it the .. 1, :1 pas 1)5-. T 1 -- se

11e IA--- inlle Sa pte alnuseIi S-o are i ndii aitel s ith an a-;! ri sk

Fiv I olo irlL, inforniation hi findod:

S'IA I Y'11, 1 F Timne the 30U-se: average started,

AlT I.,KM Avonepsu- ltituo ill kilolltr.

T EM A I C Ave rage t ei perature in legrees C'elsi us.

LWVC -SC- J -1wlTh Liquid Water Cotntent recrded bY the Axial

Scatterill 2 sne-ir~meter rbifIin155

per cubic meter,

LWVC-TOT G 'ml**3 'I h Liquid \% Aer Conten1t re-'orded I- -h i- l 411

precip probes in grams per cubic m etet-

1.%('C CLI) Peem ntot IAVC -TOT rocordelhV; 1 ,uI Ii i ) I,

1)0 UM Medium \ olume D iameter in mic rolns,

NTN 'M43The average nunmber of particles per -ubmi meter

observed during the :3 0-.-et, period,

1MAN I M\ The diamneter (int microns)I of the largest particle

observed during the period by the l-D system,

F F The average Form Factor.
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DEVELOPMENT OP A LARKE SCALE CLOUD SYSTEM, 23-27 MARCH 1976. IU)PA
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NOTE: Start times greater than 23:59:59 indicate a time in the next day (GMT),

(for example, 24:14:32 on 23 March (Flight 78-10) refers to 00:14:32Z on 24 March.

Although Flight 73-10 did extend into a new "day" in "Z" time, it was completed

on 23 March, local time, since there is a 6-hr difference between "Z" time and

Central Standard Time.
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